Two preparation methods (wet saturation impregnation with vanadyl acetylacetonate and ball-milling of γ-Al 2 O 3 with crystalline V 2 O 5 ) were applied to produce two sets of VO x /γ-Al 2 O 3 catalysts with increasing vanadium loadings. Materials from both sets were characterized by XRD, SEM, Raman, TPR and UV/Vis-DRS to elucidate the influence of the preparation method on the morphology of VO x species and on their behavior in the oxidative dehydrogenation of propane (ODP). Edge energies from UV/Vis-DRS experiments were correlated with activity and selectivity data; the lower the edge energy, the lower catalytic activity and the higher propene selectivity. Both preparation methods result in materials with comparable physico-chemical and catalytic properties although very different precursors were used. Especially the calcination step during catalyst preparation seems to transform the different precursor molecules to dispersed VO x species by an equilibration process on the support aterial surface. m
Introduction
Lower olefins are important base chemicals for many industrial applications. They are conventionally produced from non-oxidative, high-temperature cracking processes. Particularly for the production of propene, the oxidative dehydrogenation of propane (ODP) has long been suggested as an alternative reaction pathway [1, 2] . This process is energetically favored due to a lower energy input and offers further advantages in terms of catalyst lifetime since coking is not as severe. Moreover, the ODP does not suffer from thermodynamic limitations in contrast to the non-oxidative industrially applied processes. Although the oxidative dehydrogenation has been extensively investigated, propene yields over 30 % under anticipated operating conditions have not been achieved yet [3] .
In addition to the economic interest in this reaction, the ODP has long been subject to academic research, too [3] [4] [5] [6] [7] . Numerous catalytic systems have been evaluated for this reaction and the relevant results have been recently reviewed [3, 8, 9] . Especially vanadium containing catalysts were targeted by past studies, because they belong to the , polymerized VO x specie gree of polymerization of VO x surface species was vestigated and correlated with catalytic activity and selecvity.
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materials were fully dissolved r. Before measurements an angle range 2θ from 10° to 90°. The phase analy ing a Philips XL 20 scanning electron micromost promising catalytic systems [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The major challenge is to minimize the formation of carbon oxides (CO x ) via consecutive total oxidation of propene that is favored at high degrees of propane conversion due to a higher reactivity of propene as compared to propane. Several physicochemical properties such as reducibility of VO x species, their structure and electronic properties can influence both, selective and non-selective reaction pathways in different directions through a variation of vanadium loading or support material [6, 12, 13, 14, 15, [21] [22] [23] [24] [25] [26] . It seems that highly dispersed VO x species (i.e. predominantly monovanadates) over non-acidic supports are more selective than polymerized ones [12, 14, 25, [27] [28] [29] . In contrast s (no bulk like crystalline V 2 O 5 ) are considered to be more active than highly dispersed ones.
It should be stressed that the relationships described above have been established for catalytic materials prepared by impregnation techniques of various supports. To the best of our knowledge, no investigations have been performed on materials prepared by ball-milling of support and active component for the ODP. It is important to understand whether the nature of VO x species and their catalytic performance are influenced by the type of vanadium precursor and the preparation method applied. To this end, two sets of VO x /γ-Al 2 O 3 catalysts with increasing vanadium loadings were prepared by wet saturation impregnation of γ-Al 2 O 3 and by ball-milling of crystalline V 2 O 5 and the same γ-Al 2 O 3 . In order to compare the influence of the preparation method and the resulting nature of VO x species on the catalytic performance, the vanadium loading was chosen similar for both preparation methods. The samples were thoroughly characterized to get insights into the nature of VO x species, their distribution and redox properties. The de in ti
Experimental

Catalyst preparation
For the first preparation method, vanadyl acetylacetonate (Fluka, item no. 94735) was used to precipitate vanadium onto the alumina surface through a wet saturation impregnation technique. This particular technique was chosen because it allows for the stabilization of highly dispersed VO x species on the catalyst surface [30] . The γ-Al 2 O 3 pellets (Alfa Aesar, item no. 43857, diameter 0.3 mm, length 5 mm) were crushed and sieved to obtain particles with a size distribution between 100 and 300 µm. For the first impregnation, 21 g of the support material were added slowly to a saturated mixture of vanadyl acetylacetonate in toluene (Roth, item no. 95583) with a concentration of 66 mmol l -1 . The mixture was then heated and treated under reflux for 30 min. Afterwards, the impregnated particles were washed with fresh toluene, dried at 80 °C in a drying cabinet and finally calcined in air at 500 °C for 5 h. After the first impregnation cycle was completed, 3 g of the obtained material were kept for characterization and catalytic testing. The remaining grains produced from the first impregnation were treated again bed above. After each step, 3 g were kept for further investigations. This procedure was repeated seven times.
For the second preparation method, crystalline V 2 O 5 in the Shcherbinaite modification (GfE Environmental Technology, item no. 2008620) and the same γ-Al 2 O 3 pellets as described above were taken for preparing the catalytic materials. Both oxides were used as fine powders. They were homogenized by ball-milling (Retsch, PM4) in dried cyclohexane for 60 min at a milling-speed of 110 rpm. The volume of one grinding beaker (inner surface coated with silica carbide) was 350 ml. The balls (also made from silica carbide) were about 10 milling the samples were dried at 100 °C and subsequently calcined in air at 500 °C for 4 h.
The names given to the catalytic samples were organized as follows: "V-X-Y", where X resembles the preparation method (I = wet saturation impregnation or II = ballmilling of the individual oxides) and Y resembles the apparent surface density of the VO x species in V atoms per nm 2 . For example, V-I-1.5 refers to a VO x /γ-Al p a
atalyst characterization
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) was used to determine the vanadium concentrations of each catalyst after calcination. Before the analysis, the samples were dried at 350 °C for 2 h in air. Afterwards, the solid catalytic by microwave-pressure pulping and kindly analyzed by Atotech Deutschland GmbH.
The BET surface areas of the γ-Al 2 O 3 support and the differently prepared catalytic materials were determined using nitrogen adsorption at 77 K with a Micromeritics Gemini III 2375 Surface Area Analyze , the samples were heated for 90 min at 250 °C under vacuum using a Vacprep 061 degasser.
The crystalline phase composition of the VO x /γ-Al 2 O 3 materials was determined by X-ray powder diffraction (XRD). A 2θ-diffractometer (Bruker AXS, D5005, variable divergence slits, position sensitive detector) with Cu Kα radiation (λ = 0.1542 nm) was used for measurements in sis was carried out using the Diffrac-Plus/ Search program.
Scanning electron microscopy (SEM) was applied for structural characterization of the catalysts. Specimens were glued onto alumina stubs, then gold-coated and examined us scope aser excitation (5 (1)
at an accelerating voltage of 5 kV in order to avoid charging.
In-situ Raman spectroscopy was performed using a fiber probe which was inserted into a Raman cell. The samples were placed in a stainless steel sample holder with a 0.6 mm deep rectangular well covering an area of (12 x 8) mm 2 . Before running the analysis, the samples were dehydrated for 60 min by treatment in a 20/80 O 2 /N 2 flow (50 ml n min -1 ) at 350 °C and subsequently cooled to room temperature. Raman spectra were recorded using 514 nm l (Kaiser Optical). Sampling times were typically 30 min.
Temperature programmed reduction (TPR) experiments were performed to get insights into the reducibility of the VO x species. Prior to TPR measurements, the samples were heated under a 50/50 O 2 /He flow (50 ml n min -1 ) up to 500 °C and kept at this temperature for 30 min. The pre-treatment is necessary in order to fully oxidize the VO x species before H 2 -reduction. After oxidation, the samples were cooled to 50 °C and then heated with 10 °C min -1 up to 860 °C in a gas mixture of 5/95 H 2 /Ar with a total gas flow of 25 ml by a mass spectrometer (InProcess Instruments GAM 200).
In order to analyze the degree of polymerization of VO x species in the differently prepared and loaded VO x /γ-Al 2 O 3 materials, in-situ UV/Vis diffuse reflectance spectroscopy (UV/Vis-DRS) was applied. Experiments were performed using an Avaspec fiber optical spectrometer (Avantes) equipped with a DH-2000 deuterium-halogen light source and a CCD array detector. The pure γ-Al 2 O 3 support was used as a white reference material and the shut aperture as a black reference. A high-temperature reflection probe, consisting of six radiating and one reading optical fibers, was located inside the furnace at a 90° angle to the reactor. The sensor was connected to the spectrometer and the light source by fiber optical cables (length 2 m) consisting of a core of pure silica (diameter 0.4 mm) coated with polyimide. UV/Vis s 2 k
Catalytic tests
The oxidative dehydrogenation of propane (ODP) to propene was used as a test reaction for comparing both sets of catalytic materials in a six-channel screening apparatus. Experiments were carried out using fixed bed tubular continuous flow reactors made of quartz glass (inner diameter 6 mm) with plug flow hydrodynamics at ambient pressure. For catalytic measurements, both sets of materials were taken as fine powders with a particle diameter < 100 µm (the grains from wet saturation impregnation were ground again) to positively avoid mass transport phenomena. For better heat transfer, all catalysts were diluted with 1.5 g quartz sand resulting in similar bed lengths. The reactors containing the diluted catalyst between two layers of quartz were immersed into a fluidized bed of sand serving as a heat source to provide near isothermal operation conditions. Blind testing of empty reactors, reactors filled with quartz sand and pure γ-Al 2 O 3 did not lead to detectable conversions at 500 °C. The ratio of C 3 H 8 /O 2 /N 2 of the inlet flow was 2/1/4, using synthetic air as oxygen source. Catalytic tests were carried out at 500 °C. In order to achieve different degrees of C 3 H 8 conversion, catalyst amounts and total volume flows were varied from 5 to 100 mg and 30 to 200 ml n min -1 , respectively. Reaction products were analyzed by a gas chromatograph (Satochrom) equipped with a flame ionization detector and a thermal conductivity detector as well as a fused silica capillary column and a molecular sieve column. As reaction products, C 3 H 6 , CO, CO 2 and H 2 O were detected. The duration of one GC analysis bout 15 min which is longer than the time to achieve steady state conditions after the channel was changed.
Propane conversion (X C3H8 ) and propene selectivity (S C3H6 ) were calculated from inlet and outlet concentrations, whereas reaction rates [mol C3H8 g fr 
Results and discussio atalyst morphology
The vanadium content and the specific BET surface areas (S BET ) of the catalytic materials and the pure γ-Al 2 O 3 support are shown in Tab. 1. For the samples prepared by the wet saturation impregnation method, the vanadium content continuously increases from 1.36 to 6.74 wt%. However, it seems that the amount of vanadium that is precipitated on the alumina support during one impregnation cycle is limited. This might be due to the relatively large acetylacetonate complex that occupies a substantia ary of samples used for characterization and catalytic testing Impregnation Al 3 1.5 4.3 5.3 8.8 suggested to be characteristic for a monovanadate and polyvanadate monolayer, respectively [16] . Based on the calculated VO x surface densities, it is suggested that the obtained materials with 1.5 V nm -2 contain predominantly highly dispersed VO x species. However, an increase in vanadium loading results generally in a transformation of highly dispersed VO x species to polymerized ones. At the same time, the dispersion of VO x species decreases simultaneously. Further insights into the distribution of VO x species on the catalyst surface were derived from in-situ Raman and UV/Vis-DRS analysis as well a mperature programmed reduction tests. Both sets of catalytic materials were used for X-ray diffraction analysis. All examined samples show bro fe Scanning electron microscopy was used to visualize the catalysts' surface. SEM images of V-I-1.5 and V-I-8.8 are shown in Fig. 1 . They were taken with a resolution of 1 µm (magnification 10 000) in case of the low loaded sample and 200 nm (magnification 20 000) in case of the highly loaded sample.
V-I-1.5 in Fig. 1a) shows only typical features of the γ-Al 2 O 3 support material. There is no indication of crystalline V 2 O 5 , whereas the surface of V-I-8.8 in Fig 1b) is slightly covered with orthorhombic V 2 O 5 needles. In comparison, V-II-8.8 obtained from ball-milling shows fractured vanadia particles with a size much larger than the needles mentioned above (images not shown for sake of brevity). In case of the catalysts from ball-milling, these particles were also detected by XRD experiments.
Nature of VO x species
Since sensitivity of X-ray diffraction is limited to detect crystalline V 2 O 5 and blind to dispersed VO x species, Raman and UV/Vis-DRS characterization studies were also undertaken in order to obtain more definitive information about the possible presence of crystalline V 2 O 5 nanoparticles and surface VO x species. Fig. 2a) and b) show Raman spectra within the spectral range from 750 to 1150 cm -1 since characteristic bands due to the V=O stretching vibration of crystalline V 2 O 5 as well as dispersed VO x species can be detected in this interval [31] . The band at about 990 cm -1 is a sensitive indicator for crystalline V 2 O 5 . For samples prepared by wet saturation impregnation, only V-I-8.8 shows a band at this Raman shift, confirming SEM results and indicating that the VO x species in the other samples in this set must be well dispersed on the surface of the catalysts. However, it should be noted that the Raman cross section of V=O bonds in crystalline V 2 O 5 is about ten times higher than that in dispersed VO x [32] . Although this estimate was done on the basis of silica supported materials, it serves as a good approximation for alumina supported materials as well. Therefore, the band at 994 cm -1 in the spectrum of the sample with the highest loading points to the presence of only moderate amounts of crystalline V 2 O 5 compared to the amount of dispersed VO x (band above 1000 cm -1 ). This band shifts from 1028 to 1034 cm -1 for V-I-1.5 and V-I-8.8, respectively and can be assigned to the symmetric vibration of the terminal V=O bond [33, 34] . The shift is due to the evolution of dispersed VO x surface species from monovanadates to polyvanadates to crystalline V 2 O 5 on the alumina support. In comparison, the Raman spectra of the samples prepared by ball-milling are dominated by a distinct band at 991 cm -1 indicating the presence of crystalline V 2 O 5 . However, the band above 1000 cm -1 shows that a significant proportion of the originally crystalline V 2 O 5 has spread on the alumina surface during the calcination step [15] , forming dispersed VO x species if cross sections are taken into account. This band also undergoes a slight change from 1027 to 1031 cm -1 , which can be explained as above.
Raman experiments clearly showed that in addition to crystalline V 2 O 5 all samples contain dispersed VO x species, too. In order to get further insights into the type and degree of polymerization of the VO x species, UV/Vis-DRS was performed for both sets of catalytic materials. The spectra were recorded at 500 °C in a 20/80 O 2 /Ne flow. For the set of catalysts prepared by wet saturation impregnation the characteristic absorbance shifts to higher wavelengths with an increase in vanadium loading (spectra not shown for sake of brevity). This shift indicates an increasing degree of polymerization and/ or co-ordination of the VO x species. The same trend can be observed for the samples prepared by ball-milling. Results from Raman spectroscopy gave already rise to the assumption that some of the crystalline V 2 O 5 that was used for preparing the second set of catalytic samples must have spread on the catalysts' surface to form amorphous VO x species. In order to verify this hypothesis, UV/Vis spectra of the low loaded sample obtained from ball-milling (V-II-1.5) was recorded before and after calcination at 500 °C. As it is shown in Fig. 3 , the spectrum before calcination is relatively broad which can be attributed to pure crystalline V 2 O 5 . Similarly shaped spectra were also recorded for the samples with a higher VO x surface density indicating only little differences between all uncalcined catalytic materials. However, after calcination the characteristic absorbance shifts to smaller wavelengths. Therefore, it can be concluded that a significant proportion of the crystalline V 2 O 5 spreads on the catalysts' surface and forms dispersed VO x species. Since UV/Vis spectra reflect the structure of valence and conduction bands in bulk solids, absorption edge energies were used in order to quantify the electronic properties of the studied materials. To this end, we applied Tauc's law [35] . The edge energy is determined from the intersect of a linear function of [F(R ∞ )·hν] 1/2 vs. hν with the hν axis as it is shown in Fig 4. The estimated edge energies for both sets of catalytic materials are summarized in Fig. 5 as a function of apparent VO x surface density.
It can be seen that E g generally decreases with an increase in VO x surface density for both sets of catalytic materials. However, edge energies for the V-II series at similar VO x surface densities are higher than for the V-I series. This can be attributed to the elevated fraction of crystalline vanadia in these samples that slightly increases the resulting E g values. Also the decrease of edge energies for the V-II series is somewhat more pronounced than for the V-I series. Similar results have been previously reported by Chen et al. for Al 2 O 3 supported VO x species [36] .
Reducibility of VO x species
In order to get insights into the reducibility of the different VO x species, temperature programmed reduction experiments with hydrogen were performed over both sets of catalytic materials. Fig. 6 shows the outlet H 2 concentration as a function of temperature. For comparison, the H 2 concentration profile of V 2 O 5 is also presented. It is characterized by two distinct peaks at temperatures of 673 and 705 °C, which is in good accordance with the literature [31, 37] . For catalysts prepared by wet saturation impregnation, the temperature of maximum reduction rate (T max ) varies with VO x surface coverage. A single peak with a minimum at 535 °C can be found for V-I-1.5, which first shifts to lower temperatures for V-I-4.3 (518 °C) and V-I-5.3 (505 °C) before it shifts back to 521 °C for V-I-8.8. It is generally accepted that polymeric VO x species are reduced at somewhat lower temperatures than monomeric VO x spe cies and V 2 O 5 crystallites. These findings are in good agreement with studies by Martínez-Huerta et al. who found a resembling behavior for their VO x /Al 2 O 3 samples [38] . The same trends can be found for the catalytic materials produced from ball-milling, i.e. a shift to lower and consequently back to higher T max values for increasing VO x surface coverage. However, the observed T max values are generally higher than for the impregnated samples, which can be attributed to the larger fraction of V 2 O 5 crystallites that exist in the V-II series. In addition, starting from V-II-5.3 a slight shoulder to the left of the main peak can be found in the profiles. This shoulder is assigned to welldispersed polymeric VO x species that co-exist with crystalline V 2 O 5 in this set of samples.
The peaks related to the maximum of H 2 consumption at 673 and 705 °C over pure crystalline V 2 O 5 cannot be found in any of the catalytic samples that are known to contain vanadia crystallites. This phenomenon is due of the domain size of vanadia crystals which are much larger in bulk V 2 O 5 than the crystallites that can be found on the catalysts' surface [39] . The two high temperatures peaks at 673 and 705 °C (and a third peak at about 860 °C) were assigned by Bosch et al. to a reduction sequence of bulk V 2 O 5 as follows: [40] . In comparison, smaller vanadia surface crystallites are reduced at significantly lower temperatures and do not undergo this specific sequence, which explains the absence of these peaks in all examined samples.
Catalytic behavior
The oxidative dehydrogenation of propane to propene was used as a model reaction in order to characterize the catalytic properties of the differently prepared VO x / -Al 2 O 3 materials. Both sets of catalytic materials were tested for their activity and selectivity. Fig. 7 shows a comparison between samples with a low and a high VO x surface density, respectively.
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In general, propane conversion increases with increasing space time as can be seen in Fig. 7a ). This is true for all samples although the increase is slightly stronger for catalysts with a higher VO x surface density. This figure also demonstrates that the overall activity increases with an increase in VO x surface density. However, propene selectivity decreases with increasing propane conversion as shown in Fig. 7b) . The decrease is due to the consecutive combustion of primarily formed propene to CO x . Additionally, it can be observed that catalysts with higher VO x surface densities are not as selective as catalysts with a lower VO x surface density. This is in good accordance with the literature and previous experiments that were done by some of the present authors [30, 41] . Interestingly, activity and selectivity behavior is almost identical for both catalytic materials that were obtained from very different preparation methods and vanadium precursors.
Role of VO x species in catalysis
The results of our characterization analysis gave evidence that the degree of polymerization of the VO x species increases with increasing VO x surface density for both sets of catalytic materials. In the same way, catalytic activity increases with increasing VO x surface density whereas selectivity towards propene decreases at similar degrees of propane conversion. We will analyze a possible origin of the effect of VO x surface density on catalytic activity and selectivity in the ODP. Fig. 8a ) shows propane consumption rates calculated corresponding to Eq. 1 versus edge energies estimated from the transformed UV/Vis spectra for both sets of VO x /γ-Al 2 O 3 materials, whereas Fig. 8b ) shows selectivity towards propene at about 5 % C 3 H 8 conversion also versus edge energies.
It can be seen that with decreasing edge energy, overall catalytic activity generally increases. Since the edge energy is related to the band gap in the electronic structure of VO x species, it is expected that the total electrical conductivity of VO x /γ-Al 2 O 3 materials increases with a decrease in edge energy (i.e. an increase in the apparent vanadium surface density). Kondratenko and Baerns have previously proven that VO x /γ-Al 2 O 3 materials are typical ntype conductors and their conductivity increases with an increase in vanadium loading [14] . The increase in the conductivity is due to an increased concentration of charge carriers, i.e. electrons. Generally, the electron concentration is determined by the energy gap between the valence (lattice oxygen) and conducting (metal cations) bands; the lower the gap the higher the electron concentration. According to [36] , the activation energy for breaking the C-H bond in C 3 H 8 adsorbed over VO x species depends on the energy for electron transfer from the oxygen in this species to the metal center. Based on the discussion above, it is suggested that the increase in catalytic activity with a decrease in edge energy (as shown in Fig. 8a ) is due to an improved ability of metal cations for accepting electrons. Fig. 9 schematically illustrates the electron transfer from O 2-to V 5+ upon breaking of the C-H bond in propane over VO x species and under photon excitation of this species. It has to be stressed that this illustration is valid not only for vanadyl oxygen species but also but also for bridged oxygen between two vanadium species or between one vanadium atom and one metal species of the support. However, it has to be noted that the dependencies for the V-I and V-II series slightly differ (i.e. the increase in activity is more pronounced for the impregnated samples than for the samples from ball-milling). For both series with increasing vanadium content the distribution of VO x surface species shifts from monovanadates to polyvanadates to crystalline V 2 O 5 . The same behavior was previously reported and also quantified through UV/Vis-DRS experiments by co-workers of Wachs' group [42, 43] . However, our Raman characterization showed that all samples of the V-II series contain crystalline V 2 O 5 , which is known to be less active for propane conversion and less selective towards propene. Therefore, the dependency of the reaction rate on edge energy for the samples from ball-milling is not as pronounced as for the samples from wet saturation impregnation.
Selectivity towards propene at similar degrees of propane conversion generally increases with increasing edge energies as shown in Fig. 8b ). It implies that VO x species with a higher degree of polymerization tend to be less selective towards propene than VO x species with a lower degree of polymerization. As described above, total electrical conductivity of the VO x /γ-Al 2 O 3 materials increases with decreasing edge energies, which results in a higher activity for propane conversion. However, catalytic activity does not only increase for propane conversion as described by the rate constant k(C 3 H 8 ) but also for propene conversion as described by the rate constant k(C 3 H 6 ). If activity increases with increasing vanadium content (i.e. increasing degree of polymerization), selectivity towards propene depends on the ratio of k(C 3 H 6 )/k(C 3 H 8 ). The stronger the increase of k(C 3 H 6 ) with increasing vanadium content in comparison to the increase of k(C 3 H 8 ), the lower the selectivity towards propene. This relationship was previously shown by Argyle et al. [12] .
However, it has to be noted that the dependencies for the V-I and V-II series experience a slightly different slope. The increase in selectivity with increasing E g is more pronounced for the impregnated samples than for samples from ball-milling. Since all samples from ball-milling contain crystalline vanadia, which is known to be less active and less selective, the transformation of the fraction of dispersed VO x surface species from monovanadates to polyvanadates to V 2 O 5 crystallites is not as significant as in the samples from wet saturation impregnation. Therefore, the dependency in Fig. 8b ) for the V-II series is less intense as for the V-I series.
Conclusions
Two sets of VO x /γ-Al 2 O 3 catalysts were prepared from wet saturation impregnation and ball-milling of γ-Al 2 O 3 and crystalline V 2 O 5 resulting in very similar physico-chemical and catalytic properties of the obtained materials. In both cases, temperature treatment during catalyst preparation leads to a distribution of monomeric and polymeric VO x species as well as V 2 O 5 crystallites on the support material surface. When correlating edge energies from UV/Vis-DRS experiments with catalytic performance, very similar dependencies for both examined materials can be observed although very different preparation methods were used. It appears that the deviations in the characterization of both examined materials do not play a major role for the catalytic performance under reaction conditions. However, there is evidence that the catalytic behavior of VO x surface species changes if vanadium content is increased. It was shown that VO x species with a higher degree of polymerization appear to be more active for propane conversion but less selective towards propene. Since E g is related to the electronic structure of VO x species, it is expected that the band gap decreases and total electrical conductivity of VO x /γ-Al 2 O 3 materials increases with a decrease in edge energy. Therefore, the transfer of free electrons from oxygen atoms to metal centers is facilitated in materials with lower edge energies. This leads to an easier C-H bond activation, which is the rate determining step for both, propane and propene conversion. However, with decreasing edge energies the rate for propene conversion increases stronger than the rate for propane conversion.
